Polyoxin AL water-soluble powder (Polyoxin AL), a fungicide that inhibits chitin synthase, showed a synergistic effect with benzoylphenyl urea insect growth regulators (BPU-IGRs) in killing Spodoptera litura larvae. First, eight different commercially available insecticides were examined for a synergistic effect with Polyoxin AL in killing S. litura. Only Cascade, one of the BPU-IGRs, showed a synergistic effect. Next, eight BPU chemicals (six BPU-IGRs including Cascade and two reagents) were used. All eight chemicals showed a synergistic effect except for Dimilin. Finally, six fungicides, including Polyoxin AL, were examined for a synergistic effect with Cascade. Only Polyoxin AL showed a synergistic effect. These results suggest that the synergistic effect was specific for the combination of BPU chemicals and Polyoxin AL.
INTRODUCTION
Polyoxin is a chitin synthase inhibitor capable of inhibiting fungal chitin synthases (Hori et al., 1971) . Polyoxin AL water-soluble powder (Polyoxin AL), an agricultural fungicide containing polyoxin B, killed lepidopteran larvae when administered orally (unpublished data). The formation of larval cuticle was impaired by Polyoxin AL, and the larvae died at the molting stage. These results were surprising because it is commonly accepted that polyoxins are not harmful to insects when administered orally (Cohen, 1987) . Insecticides are used not only singly but also in combination with other insecticides or fungicides. This combined action of insecticides is commonly studied in pest control science (Sun and Johnson, 1960; Sakai, 1967) . A combination of chemicals that result in a decrease in the application dose or in the death of a pesticide-resistant insect strain has been explored.
In the present study, the synergistic effect of Polyoxin AL and some commercial insecticides was examined in a common cutworm, Spodoptera litura. This study was aimed to determine whether (1) any pesticide could kill the S. litura larvae synergistically with Polyoxin AL, (2) all the insect growth regulators (IGRs) of benzoylphenyl urea (BPU) have a synergistic effect with Polyoxin AL, and (3) any other fungicides, besides Polyoxin AL, could exhibit a synergistic effect with the IGR Cascade.
MATERIALS AND METHODS
Insect and chemicals. Egg masses of the common cutworm, S. litura, were kindly supplied by Dr. K. Tateishi from National Institute of Agrobiological Sciences (NIAS), and the larvae were reared on an artificial diet (Silkmate 2S; Nosan Corporation Co., Ltd.) at 25°C with a long-day photoperiod (16L : 8D). The commercial chemical products used in this study are shown in Table 1 .
Survey of insecticides for a synergistic effect with Polyoxin AL. The eight insecticides listed in Table 2 were used. In preliminary experiments, their sublethal concentrations for 3rd stadium S. litura larvae were determined (data not shown). These insecticides were emulsified in 0.5% (wt/vol) Tween 20 solution at 50 times the sublethal concentration. For 3rd stadium S. litura, the median lethal concentration of Polyoxin AL is about 200 ppm (unpublished data). Polyoxin AL was dissolved in distilled water (DW) at 5,000 ppm. The insecticide emulsion (0.1 ml) and the Polyoxin AL solution (0.1 ml) were mixed with 4.8 g of Silkmate 2S, which resulted in a sublethal concentration of the insecticide and of 100 ppm Polyoxin AL in the diet. The concentration of each insecticide in the diet is shown in Table 2 . Fifty specimens of the pharate-3rd stadium S. litura larvae were reared on the diet for 48 h at 25°C. The larvae were then switched to a normal diet with no insecticide and Polyoxin AL and reared for additional 4 d. The number of larvae that failed to develop was examined. A diet containing only the insecticide or only Polyoxin AL was also used. Synergistic effect of IGRs with Polyoxin AL. The six BPU-IGRs and the two reagents listed in Table 3 were used. In preliminary experiments, their median lethal concentrations (LC 50 ) were roughly estimated (data not shown). BPU-IGRs were emulsified in 0.5% (wt/vol) Tween 20 at 50 times the LC 50 . Fluazuron and triflumuron were dissolved in acetone and isopropyl alcohol, respectively, and then emulsified similarly. These BPU chemicals and Polyoxin AL were mixed with Silkmate 2S at LC 50 and 100 ppm, respectively, and their effects on S. litura were assessed in the same way as mentioned above.
Synergistic effect of the IGR Cascade with fungicides. The six fungicides listed in Table 4 were used. The fungicides were emulsified in 0.5% (wt/vol) Tween 20 or dissolved in DW at 5,000 ppm. Cascade, an IGR, was emulsified in 0.5% (wt/vol) Tween 20 at 11 ppm. These fungicides and Cascade were mixed with Silkmate 2S to a final concentration of 100 and 0.22 ppm, respectively, and their effects on S. litura were assessed in the same way as mentioned above.
RESULTS

Survey of insecticides for a synergistic effect with Polyoxin AL
The effects of the insecticides are shown in Table 2 . Polyoxin AL (100 ppm) alone had no effect on the development of S. litura. Each of the insecticides singly applied exerted a sublethal effect, as was expected. Of the eight insecticides tested, only Cascade showed a synergistic effect with Polyoxin AL. Mortality in response to the mixture of Cascade and Polyoxin AL was significantly higher than that to Cascade only (chi-square test, aϭ0.05). The larvae treated with this mixture de- veloped to the pharate-4th stadium, whose external morphology was normal. The larvae then molted to the next stadium through ecdysis or otherwise stopped during ecdysis or at the pharate stage. The larvae that just molted to the 4th stadium tried to eat the diet provided but could not feed on it, thereby resulting in their death by starvation. The addition of 100 ppm Polyoxin AL to the other insecticides had no effect.
Synergistic effect of IGRs with Polyoxin AL
The BPU-IGRs and reagents tested had almost no effect on the development of S. litura at the concentrations used (Table 3) . The addition of 100 ppm Polyoxin AL to the chemicals other than Dimilin increased mortality significantly (chisquare test, aϭ0.05).
Synergistic effect of the IGR Cascade with fungicides
The effects of the fungicides are shown in Table  4 . All of the fungicides applied singly at 100 ppm had no effect. Cascade at 0.22 ppm had a sublethal effect, as was expected. The combination of Cascade and Polyoxin AL killed all of the larvae, although the addition of fungicides, other than Polyoxin AL, to Cascade did not increase mortality significantly. Mortality in response to the mixture of Cascade and Polyoxin AL was significantly higher than that to Cascade alone (chi-square test, aϭ0.05).
All of the above experiments were replicated 2 to 3 times, and similar results were obtained in all cases.
DISCUSSION
The present study showed that BPU chemicals and Polyoxin AL killed the S. litura larvae synergistically when applied simultaneously. Insecticides other than BPU and fungicides other than Polyoxin AL showed no such synergistic effect. This is the first study to show a synergistic effect of an insecticide and Polyoxin AL in killing an insect. A standard chemical of polyoxin B, which is an active component in Polyoxin AL, exerted the same synergistic effect with Cascade as mentioned above (unpublished data).
This study provides insight into a novel application of Polyoxin AL as a synergist with insecticides. In previous studies, the cotton leafworm (S. littoralis), which is closely related to S. litura phylogenetically, was used to examine the joint action of IGRs, pyrethroids, organophosphates, carbamates, and organochlorines in managing the insecticide resistance that developed in this insect (ElGuindy et al., 1981a (ElGuindy et al., , b, 1983 . Based on the present results, Polyoxin AL is considered a potential candidate as a synergist for use in insecticide resistance management. From such a viewpoint the followings are tempting research themes; whether (1) a resistance against IGRs or Polyoxin AL could develop in insects to which IGRs and Polyoxin AL were administered simultaneously, and (2) an insect strain that became IGR-resistant could be killed effectively by the mixture of IGRs and Poly-170 T. ARAKAWA Polyoxin AL is primarily a fungicide that inhibits chitin synthase (Hori et al., 1971) . There are many commercially available insecticide-fungicide mixtures that allow the management of both insects and fungi using a single product. If some component in such a mixture enhances the action of another component, such a mixture would be preferable to a single product. Based on the present results, a combination of BPU-IGRs and Polyoxin AL may serve as the basis of a new insecticidalfungicidal product. The commercial success of any product requires a large demand in the marketplace. The feasibility of using such a mixture should be examined based on the prevalence of insect pests and diseases on farms.
The mechanism responsible for the synergistic effect of BPU chemicals and Polyoxin AL was not investigated in this study. Polyoxin AL is an inhibitor of chitin synthase, which is the final enzyme in the chitin biosynthesis pathway (Hori et al., 1971; Cohen, 1987; Merzendorfer and Zimock, 2003) . The target point of BPU-IGRs will be somewhere along the chitin biosynthesis pathway, which has not yet been identified (Casida and Quistad, 2004) . It is possible that chemicals whose target sites are located somewhere on the same biosynthetic pathway act synergistically. Prior to beginning this study, Validacin, a fungicide that inhibits trehalase, was considered as a synergist with Cascade. Supplementation of glucose by the catalytic action of trehalase on trehalose is the first step in chitin biosynthesis (Casida and Quistad, 2004) . Inhibition of trehalase was expected to result in a shortage of UDP-N-acetylglucosamine, a substrate of chitin synthase, and lead to a failure of cuticular formation. Validamycin and related compounds inhibit the metamorphosis of insects when injected into the body hypodermically, but have no effect when administered orally (Asano et al., 1990; Kono et al., 1994) , as they are not absorbed by the gut. The development of a trehalase inhibitor that can function effectively when administered orally is expected. It would be of interest to determine whether such an inhibitor exhibits a synergistic effect with BPU chemicals or with Polyoxin AL in the killing of insects.
